The relapsing fever spirochete Borrelia turicatae possesses a complex life cycle in its soft-bodied tick vector, Ornithodoros turicata. Spirochetes enter the tick midgut during a blood meal, and, during the following weeks, spirochetes disseminate throughout O. turicata. A population persists in the salivary glands allowing for rapid transmission to the mammalian hosts during tick feeding. Little is known about the physiological environment within the salivary glands acini in which B. turicatae persists. In this study, we examined the salivary gland transcriptome of O. turicata ticks and detected the expression of 57 genes involved in oxidant metabolism or antioxidant defences.
rapid transmission to naïve mammalian hosts (Boyle, Wilder, Lawrence, & Lopez, 2014; Krishnavajhala et al., 2017) .
Little is known about the environmental stresses B. turicatae encounters during O. turicata colonisation. Presumably, B. turicatae faces shifts in temperature, pH, nutrient availability, osmolarity, and host-derived reactive oxygen species (ROS) and reactive nitrogen species (RNS), which all significantly depend on whether O. turicata has recently fed or is within a period of prolonged starvation. For example, a study on the related soft-bodied tick Ornithodoros moubata, revealed that the midgut pH can rise to as high as 7.6 during the blood meal and be reduced to pH 6.4-6.8 during periods of starvation (Grandjean, 1983) . In contrast, the pH of Ornithodoros saliva is unknown. Previously, we showed that Ixodes scapularis, the hard-bodied tick vector of the Lyme disease (LD) spirochete Borrelia burgdorferi, produced RNS in both its salivary glands and midguts (Bourret et al., 2016) . We have found ROS are generated in these tissues as well (data not shown). ROS and RNS appear to be substantial environmental challenges for B. burgdorferi during both blood meal acquisition and during starvation in I. scapularis nymphs, as ROS-sensitive and RNS-sensitive B. burgdorferi strains harbouring mutations in antioxidant defence genes show poor survival compared with their wild-type counterparts (Bourret et al., 2016; Eggers et al., 2011; Li et al., 2007) . To the best of our knowledge, the production of ROS and RNS in Ornithodoros ticks has not been reported; however, transcriptomic and proteomic studies have identified a variety of oxidant metabolism and antioxidant defence genes expressed in soft-bodied ticks that transmit RF Borrelia Landulfo et al., 2017; Oleaga, Obolo-Mvoulouga, Manzano-Roman, & Perez-Sanchez, 2015; Oleaga, Obolo-Mvoulouga, Manzano-Roman, & Perez-Sanchez, 2017b; Oleaga, Obolo-Mvoulouga, Manzano-Roman, & Perez-Sanchez, 2017a ).
In the following study, we used RNAseq to determine the transcriptome of O. turicata salivary glands to gain insights into the pressures B. turicatae encounters during colonisation of its tick vector.
On the basis of these results, we examined the expression of genes involved in tick oxidant metabolism and antioxidant defences, along with the production of ROS and RNS in O. turicata salivary glands and midguts. This indicated O. turicata salivary glands are highly oxidative environments compared with the tick midguts. Accordingly, we found that B. turicatae was highly resistant to killing by H 2 O 2 when compared with the LD spirochete B. burgdorferi, suggesting the pathogen is uniquely adapted to the oxidative environment of the salivary gland.
| RESULTS

| Expression of antioxidant defence genes in unfed O. turicata nymphs
We recently reported B. turicatae is localised within the acini lumen of salivary glands from unfed O. turicata nymphs (Krishnavajhala et al., 2017) , which likely contributes to its ability to be rapidly transmitted from its tick vector to a naïve mammalian host.
To further understand the microenvironment of the O. turicata acini lumen and how it may affect B. turicatae gene expression, physiology, and overall virulence, we assessed the salivary gland transcriptome of uninfected O. turicata nymphs by RNAseq. Using the HiSeq2500 sequencer, a total of 1.51 × 10 7 single-end reads were generated averaging 252 BP in length. The reads were assembled into 10,990
contigs that were annotated. Of the 10,984 contigs, 6,755 had greater than 75% coverage to their best match in the National Center for Biotechnology Information (NCBI) nonredundant database, and 8,183 had e-values by blastp of less than 1 × 10
. The families of proteins are shown in Table S1 , and this Transcriptome Shotgun
Assembly project was deposited at the DDBJ/EMBL/GenBank under the accession GCJJ01000001-GCJJ010065871. Several antioxidant defence genes were among the most highly expressed genes in the RNAseq analyses, including a glutathione peroxidase and a thioredoxin peroxidase (Table 1 ). Fifty-five additional genes involved in either antioxidant defence or the generation of ROS and RNS were detected.
Expression patterns for a subset of these genes was confirmed by reverse-transcriptase droplet digital polymerase chain reaction (RT-ddPCR) in both uninfected and B. turicatae-infected O. turicata nymphs ( Figure 1a ). The genes included glutathione peroxidase (gpx), thioredoxin peroxidase (tpx), an Mn-dependent superoxide dismutase (sod-1), a Cu 2+ /Zn 2+ superoxide dismutase (sod-2), and a catalase (cat). Although the infection status of O. turicata nymphs was not associated with differences in the expression of these selected antioxidant defence genes, we did observe significant differences in the expression of these genes when comparing their expression in salivary glands and midguts (Figure 1a ,b). The expression of gpx was approximately 50-fold higher in the salivary glands compared with the midgut, whereas the expression levels of tpx, sod-1, sod-2, and
cat were approximately 10-30-fold lower in the salivary glands compared with the midguts. The observed differences in the 
| Expression of genes involved in ROS and RNS production
Previous studies examining the hard-bodied tick I. scapularis have implicated dual oxidase (duox) and nitric oxide synthase (nos) as the primary sources of ROS and RNS production in the tick midgut during infection (Bourret et al., 2016; Yang, Smith, Williams, & Pal, 2014 Previous work indicated NOS is expressed in both the salivary glands and midguts of the hard-bodied tick I. scapularis by immunofluorescence using a universal NOS antibody (Bourret et al., 2016) . In contrast to I. scapularis, NOS expression appears to be highest in the midguts of O. turicata, whereas the salivary glands show very little expression of NOS (Figure 3 ). This data, coupled with our RNAseq and RT-ddPCR data (Table 1 & Figure 3 ) suggest RNS production in the midgut promotes a nitrosative environment in unfed O. turicata ticks.
FIGURE 1 Antioxidant gene expression in Ornithodoros turicatae salivary glands and midguts. The expression of antioxidant defence genes were compared by RT-ddPCR in the salivary glands (a) and midguts (b) of uninfected and Borrelia turicatae-infected O. turicata nymphs. The number of copies of each gene were normalised to the quantity of RNA (ng) subjected to reverse transcription. Data represent the mean ± SD of three biological replicates and statistical significance was determined using a two-tailed Student's t-test. No statistically significant differences in gene expression were observed comparing uninfected with infected samples. *p < 0.005 for higher expression in salivary glands compared with midguts. **p < 0.005 for lower expression in salivary glands compared with midguts FIGURE 2 Expression of genes encoding reactive oxygen species (ROS) and reactive nitrogen species-producing enzymes (RNS). The expression of genes involved in ROS and RNS production were compared by RT-ddPCR in the salivary glands (a) and midguts (b) of uninfected and Borrelia turicatae-infected Ornithodoros turicata nymphs. The number of copies of each gene were normalised to the quantity of RNA (ng) subjected to reverse transcription. Data represent the mean ± SD of three biological replicates and statistical significance was determined using a two-tailed Student's t-test.*p < 0.05 compared with uninfected controls. **p < 0.05 for lower expression in salivary glands compared with midguts and RNS produced during infection of both its tick vector and various mammalian hosts (Bourret et al., 2016; Eggers et al., 2011; Li et al., 2007) . To date, there are no published studies examining the susceptibility of relapsing fever spirochetes to oxidative or nitrosative stresses. Therefore, we compared the susceptibility of B. turicatae and B. burgdorferi with killing by H 2 O 2 and the NO donor diethylamine
NONOate (DEA/NO) ( Figure 5 ). Greater than 99% of B. burgdorferi were killed following exposure to 0.5 mM H 2 O 2 , whereas B. turicatae viability was unaffected ( Figure 5a ). In accord with previously published studies (Bourret et al., 2016; Troxell et al., 2014) , the addition of 7 mM sodium pyruvate to the BSK II culture media rescued B. burgdorferi from killing by H 2 O 2 , which is presumably due to the ability of pyruvate to efficiently scavenge H 2 O 2 . In contrast, B. turicatae showed increased susceptibility to killing following exposure to 1.25 mM and 2.5 mM DEA/NO compared with B. burgdorferi (Figure 5b ). These data suggest B. turicatae is more resistant to oxidative stress compared with B. burgdorferi, whereas B. burgdorferi is more adept at resisting nitrosative stress than B. turicatae.
2.5 | Expression of putative antioxidant defence genes in B. burgdorferi and B. turicatae B. burgdorferi encodes a small repertoire of antioxidant defences that include coenzyme A disulfide reductase (cdr), neutrophil activating protein (napA/dps/bicA), a manganese-dependent superoxide dismutase (sodA), thioredoxin (trxA), and thioredoxin reductase (trxB).
Of these, only cdr and sodA have been characterised for their roles in detoxifying ROS (Boylan et al., 2006; Esteve-Gassent et al., 2009 ).
The expression of cdr and napA appear to be partly dependent on the Borrelia oxidative stress regulator (bosR) in B. burgdorferi (Boylan et al., 2006; Boylan, Posey, & Gherardini, 2003) . The B. turicatae genome encodes homologues to each of these genes. Therefore, to determine whether the disparate sensitivities of B. burgdorferi and B. turicatae to ROS and RNS were the result of altered expression of these conserved antioxidant defence genes, we compared their expression in strains grown in mBSK medium by RT-qPCR ( Figure 6 ). The expression of bosR (3.8-fold), napA (52.8-fold), and trxA (8.6-fold) were all lower in B. turicatae compared with B. burgdorferi, whereas the expression of FIGURE 4 Generation of reactive oxygen species (ROS) and reactive nitrogen species (RNS) in Ornithodoros turicata salivary glands and midguts. The presence of ROS and RNS in salivary glands and midguts dissected from O. turicata nymphs was compared by incubating tissues for 10 min in the presence or absence of the 25 μM DCF-DA or 25 μM DAF2-DA. Brightfield images and Green Channel (Ex λ = 480 nm, Em λ = 517 nm) images were captured for tissues collected from three individual ticks per treatment. The images represent those collected from one tick per treatment cdr and sodA were similar in both strains. In contrast, trxB (6.5-fold) was expressed at higher levels in B. turicatae compared with B. burgdorferi.
This data suggests differences in the expression of several antioxidant defence genes may contribute to the varying sensitivities of B. burgdorferi and B. turicatae to killing by ROS and RNS.
Next, we investigated whether the disparate levels of bosR and napA transcripts in B. burgdorferi and B. turicatae resulted in differences in BosR and NapA protein levels. BosR and NapA levels were determined by Western blot. Densitometric analysis revealed comparable levels of BosR and NapA in B. turicatae and B. burgdorferi samples (Figure 3b ,c).
FlaB was used as a loading control and also showed similar levels of expression in both B. turicatae and B. burgdorferi samples.
| DISCUSSION
RF Borrelia colonise and persist within salivary glands and midguts of
Ornithodoros ticks (Dutton, Todd, & Newstead, 1905; Burgdorfer, 1951; Schwan & Hinnebusch, 1998; Schwan & Piesman, 2002; Boyle et al., 2014; Krishnavajhala et al., 2017) . Transcriptomic and proteomic studies have provided insight into the potential differences in the microenvironments of the salivary glands and midguts that RF Borrelia In contrast to what we observed in the salivary glands, the expression of gpx was~50-fold lower in the O. turicata midgut (Figure 1) . Surprisingly, the other antioxidant defence genes we examined were all expressed at higher levels in the midgut compared with the salivary glands. Thioredoxin peroxidase (Tpx) plays a major role in limiting nitrosative stress through the reduction of GSNO to GSH using the reducing power of thioredoxin (Benhar, 2018) . The expression of tpx FIGURE 5 Disparate sensitivities of Borrelia turicatae and Borrelia burgdorferi to reactive oxygen species and reactive nitrogen species (ROS) and (RNS). B. turicatae and B. burgdorferi strains grown to a cell density of~5 × 10 7 cells ml −1 in mBSK medium were exposed to increasing concentrations of H 2 O 2 (a) or the NO donor diethylamine NONOate (DEA/NO) for 2 h under microaerobic conditions (5% CO 2 , 3% O 2 ) at 34°C. Sodium pyruvate (pyr) was added to selected cultures as a scavenger of H 2 O 2 . Following treatment, serial dilutions of spirochetes were prepared in mBSK and plated on solid mBSK media. Data represent the mean % survival ± SD of four to five biological replicates. Statistical analysis was performed using a two-way ANOVA with a Tukey's multiple comparisons test. *p < 0.01 compared with untreated controls was~10-fold higher in the midgut compared with the salivary glands of unfed ticks (Figure 1 ). The elevated expression of tpx corresponds with the high levels of immunofluorescence for NOS (Figure 3 ) and the detection of RNS using DAF2-DA (Figure 4) , suggesting the midgut of unfed O. turicata ticks is a highly nitrosative environment.
DUOX enzymes have been implicated in the production of ROS in a variety of hematophagous arthropods, including I. scapularis, where DUOX-generated ROS catalyse the formation of dityrosine complexes which dampen the immune response by limiting NO production from NOS . Our RNAseq analyses identified two duox genes (duox1 and duox2). Interestingly, the expression of duox1 was significantly increased in the salivary glands and midguts of O. turicata ticks infected with B. turicatae, suggesting B. turicatae may stimulate immune responses in the tick, specifically the production of ROS. This is similar to what has been observed in I. scapularis ticks where infection with B. burgdorferi stimulated increased expression of duox . The increased expression of duox1 in B. turicataeinfected O. turicata nymphs may also be associated with the formation of dityrosine complexes that help to dampen the tick immune response, as was observed in I. scapularis ticks. Overall, the expression of both duox1 and duox2 was higher in the midguts compared with the salivary glands of both uninfected and infected O. turicata ticks. Despite the higher levels of duox1 and duox2 expression, the increased levels of NOS detected by immunofluorescence (Figure 3) , and the intense staining for RNS using the DAF2-DA probe (Figure 4) , the midgut is likely a site of nitrosative (rather than oxidative stress) in unfed ticks.
This study represents the first effort to directly compare the susceptibility of the RF spirochete B. turicatae and the LD spirochete The antioxidant arsenals of both RF and LD Borrelia appear to be somewhat limited. In this study, we examined the expression of several of these genes by RT-qPCR. The expression of cdr and sodA were similar in both B. turicatae and B. burgdorferi, suggesting they are not involved in the disparate sensitivities of these bacteria to killing by ROS and RNS. In contrast, we observed the expression of napA was 50-fold higher in B. burgdorferi compared with B. turicatae ( Figure 6 ). The role of NapA (BicA/Dps) in the resistance of B. burgdorferi to ROS has been the subject of several studies. Recently, NapA has been described as a copper and iron binding protein, which acts as a metallothionein sequestering copper to prevent cytotoxicity (Wang et al., 2012) . Moreover, a napA-deficient B. burgdorferi strain was more resistant to killing by H 2 O 2 , suggesting an inverse relationship of napA expression and resistance to ROS (Li et al., 2007; Wang et al., 2012) .
Despite the observed differences in napA mRNA levels in B. burgdorferi and B. turicatae, NapA protein levels were comparable in both strains ( Figure 6 ). Therefore, the differential susceptibilities of B. burgdorferi and B. turicatae to killing by ROS and RNS is not likely the result of differences in NapA levels. Thioredoxin (TrxA) and thioredoxin reductase (TrxB) are presumed to play an integral role in the antioxidant defences of both RF and LD Borrelia by maintaining the redox status of cysteine thiols subject to oxidation and/or S-nitrosylation by ROS and RNS. Although we did see differences in the expression of trxA and trxB in B. turicatae and B. burgdorferi, it is unclear if this accounts for the differences in the ability of each strain to survive the challenge with ROS and RNS.
FIGURE 6
Expression of antioxidant defence genes in Borrelia turicatae and Borrelia burgdorferi. The expression of putative antioxidant defence genes was compared by RT-qPCR using RNA harvested from cultures of B. turicatae and B. burgdorferi grown in mBSK under microaerobic conditions to a cell density of~5 × 10 7 cells ml −1 using flagellin (flaB) as a reference gene (a). Data represent the mean ± SD of three biological replicates. Statistical analysis was performed using a two-tailed, students t-test. *P < 0.01 comparing the expression of B. turicatae genes to B. burgdorferi genes. The expression of FlaB, BosR, and NapA from a set of three biological replicates for B. burgdorferi and B. turicatae were compared by immunoblot (b). The relative fold change in FlaB, BosR, and NapA protein levels in B. burgdorferi and B. turicatae samples were determined by densitometry (c). Data represent the result of three to six biological replicates ± SD. Statistical analysis was performed using an unpaired Student's t-test. *p < 0.05 comparing expression of B. burgdorferi to B. turicatae
The data presented here support the hypothesis that RF Borrelia, including B. turicatae, are uniquely adapted to persist in the highly oxidative environment of Ornithodoros salivary glands. Although other RF Borrelia species transmitted by soft ticks will likely exhibit levels of resistance to ROS and RNS similar to those described here, it is unclear if this is true of RF spirochetes that are transmitted by hard-bodied ticks (Armstrong et al., 1996; Barbour, Maupin, Teltow, Carter, & Piesman, 1996; Bunikis et al., 2004; Fraenkel, Garpmo, & Berglund, 2002; Fukunaga et al., 1995; Mun, Eisen, Eisen, & Lane, 2006 (passage 10) were grown under microaerobic conditions (5% CO 2 and 3% O 2 ) at 34°C in modified Barbour-Stoenner-Kelley (mBSK) medium throughout this study (Barbour, 1984; Battisti, Raffel, & Schwan, 2008) .
| O. turicata dissections, mRNA isolation, and sequencing
O. turicata used in the study was maintained in colony at Baylor
College of Medicine and originated from field-collected ticks in Kansas. Salivary gland sets from 25 uninfected ticks were dissected and placed into RNALater (ThermoFisher Scientific, Grand Island, NY). Samples were homogenised by multiple passages through a sterile 18G needle attached to a 1 ml syringe. Messenger RNA was isolated using FastTrack® MAG mRNA Isolation Kits (ThermoFisher), and the samples were evaluated on a Bioanalyzer 2100 (Agilent Genomics, Santa Clara, CA). Samples were sent to the North Carolina State Genomic Sciences Laboratory for Illumina RNA library construction and sequenced in an Illumina HiSeq 2500 DNA sequencer, utilising 125 BP single end sequencing flow cell.
| Bioinformatic analyses
Custom bioinformatic analysis were describe elsewhere (Karim, Singh, & Ribeiro, 2011; Ribeiro, Slovak, & Francischetti, 2017) PCR (RT-qPCR) reactions were prepared for cDNA samples using the Bullseye EvaGreen and TaqProbe qPCR master mixes (MIDSCI) and oligonucleotide primers listed in Table 2 . The RT-qPCR reactions were performed using a CFX Connect Real-time PCR Detection System (Bio-Rad) with cycling conditions of 95°C for 10 s, 59°C for 20 s, and 72°C for 30 s followed by melt-curve analysis to determine the efficiency and specificity of the qPCR reactions. The efficiency of each primer set was determined using CFX Manager software (Bio-Rad) by performing qPCR on 10-fold serial dilutions of purified B. burgdorferi or B. turicatae DNA. Primer efficiencies for each primer set ranged from 95% to 100%. The relative expression of selected genes normalised to the flagellin gene (flaB) was determined using the 2 −ΔΔCT method (Livak & Schmittgen, 2001 ). The Cq values for flaB showed a coefficient of variance of less than 3% for both B. burgdorferi and B. turicatae cDNA samples.
| SDS-PAGE and immunoblot
Whole cell lysates were prepared from 30 ml cultures of B. burgdorferi and B. turicatae after growth to a cell density of 2 × 10 8 cells ml 
| Statistical analysis
Data are presented as mean ± standard deviation (SD). To determine statistical significance between multiple comparisons, two-way analysis of variance were performed, followed by a Tukey's post-test.
A two-tailed, student's t-test with the Holm-Sidak method was used to determine statistical significance between two groups. Data were considered statistically significant when p < 0.05.
